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Gait deviation index by surgical treatment and limb at each time-point (n [ 38 patients, 76 limbs)
pre-operative Two-months Six-months Treatment effect (95% CI)
All, mean (SD) 83.4 (10.8) 83.8 (11.0) 88.0 (8.9) 4.9 (2.1 to 7.9)
Surgical treatment:
Resurfacing hip arthroplasty (RHA) 82.8 (11.3) 82.9 (10.1) 85.6 (6.9)
Conventional hip arthroplasty (THA) 83.9 (10.4) 84.9 (12.0) 90.0 (10.0) 1.8 (-2.8 to 6.4)
Limb:
Operated 81.5 (9.6) 83.1 (10.0) 87.1 (8.9)
Non-operated 85.3 (11.6) 84.6 (12.1) 88.9 (9.0) 2.5 (0.1 to 4.8)
Figure 1. Peak joint contact force at the medical compartment during
stance phase of walking. Asterisk represents p<0.05 between groups. Bars
represent 1 SD.
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parameters, the GDI was calculated for each limb (n ¼ 76 limbs). The
normative mean and standard deviation (mean ¼ 94.7; SD ¼ 8.4) from
our age-matched controls (n ¼ 20) were used as reference. A ﬁxed-
effects multilevel regression model was employed to evaluate the
treatment effects.
Results: No interaction was observed between treatment and time (p ¼
0.33) or limb and time (p ¼ 0.53). The pre-operative GDI mean value
was 83.4  10.9, showing patients had a moderate deviation from
normative gait before surgical treatment (Table 1). After surgical
treatment, the GDI score improved signiﬁcantly by 4.9 [:95CI: 2.1 to 7.9]
equal to a 0.8 average increase in GDI per month of follow-up. Therewas
no difference in GDI scores between the two surgical treatments
groups; 1.8 [:95CI: -2.8 to 6.4]. However, the GDI score for the non-
operated limbwas higher than the GDI score for the non-operated limb;
2.5 [:95CI: 0.1 to 4.8].
Conclusions: Our results show that, THA and RHA patients recovered
equally well from the respective treatments. The GDI increased sig-
niﬁcantly after THA surgery, which indicates an overall improvement in
gait quality for both treatment groups. The difference between the
operated and the non-operated limb showed that asymmetrical gait
pattern do not disappear following THA. Further research is required to
establish the clinical relevant difference for the GDI score, and to
determine the association with pain and OA severity.
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ASSOCIATION OF JOINT MOMENTS AND CONTACT FORCES WITH
EARLY KNEE JOINT OSTEOARTHRITIS AFTER ACL INJURY AND
RECONSTRUCTION
E. Wellsandt y, E. Gardinier y, K. Manal y, M. Axe z, T. Buchanan y,
L. Snyder-Mackler y. yUniv. of Delaware, Newark, DE, USA; zUniv. of
Delaware, First State Orthopaedics, Newark, DE, USA
Purpose: Knee joint osteoarthritis (OA) is common following anterior
cruciate ligament (ACL) injury and reconstruction (ACLR). Abnormal
joint loading is one key mechanism in the development of OA, and
evidence of altered loading has been demonstrated following ACL injury
and ACLR. Identifying a link between joint loading and OA is a critical
step in better understanding and preventing early onset knee joint OA.
Therefore, the purpose of this study was to determine whether knee
joint moments and contact forces early after injury and surgery were
associated with radiographic knee OA 5 years after ACLR.
Methods: Fourteen patients (6 F, 8 M, age 32.5  12.0 yrs) with acute,
unilateral ACL injury participating in cutting and pivoting activities
were included in this study. All underwent ACLR using a hamstring
autograft or soft tissue allograft.
Testing consisted of gait analysis with electromyography (EMG) at 4
time points: pre-operatively after ROM, effusion, and pain were
resolved (baseline), immediately following 10 sessions of pre-operative
rehabilitation (post-training), 6 months after ACLR following criterion-
based rehabilitation (6 months), and 2 years after ACLR (2 years).
Standard motion analysis methods were used to obtain stance phase
kinematics and kinetics during walking at a self-selected speed. Kinetic
measures of interest included external peak knee ﬂexion moment
(PKFM), peak knee adduction moment (PKAM), and knee adduction
moment impulse during the ﬁrst 50% of stance (KAMI).
Knee joint contact forces were derived using an EMG-driven Hill-type
musculoskeletal model to estimate muscle forces. Muscle forces were
used to calculate peak medial compartment contact forces (pkMC)
during stance phase.Weight-bearing posterior-anterior (PA) bent knee (30 degree) radio-
graphs were taken 5 years after ACLR and graded using the Kellgren-
Lawrence system. Presence of OA was deﬁned as a grade  2 in the
medial compartment.
Fisher’s exact test and independent t-tests were performed to test dif-
ferences in demographics, pkMC, PKFM, PKAM, and KAMI between
those with and without radiographic OA in the medial compartment
(OA, nonOA) 5 years after ACLR.
Results: Nine subjects had OA in the index knee 5 years after ACLR, 5
did not. The OA and nonOA groups were not different with respect to
BMI, sex, age, pre-injury activity level, time from injury to pre-training,
graft type, or concomitant injuries (p> 0.10). In general, the OA patients
walked slower (1.58 m/s) than the nonOA patients (1.73 m/s).
There was no difference in pkMC between groups at baseline (p ¼ .209,
nonOA: 2.97  0.96 BW, OA: 2.45  0.31 BW) (Figure 1). After pre-
operative training, the OA group had signiﬁcantly lower pkMC than the
nonOA group (p ¼ .032, nonOA: 3.41  1.00 BW, OA: 2.49  0.29 BW).
Six months after ACLR the lower pkMC persisted in the OA group (p ¼
.038, nonOA: 3.24  0.63 BW, OA: 2.31  0.61 BW). Two years after
ACLR, there were no longer signiﬁcant differences between groups as
the OA group loading increased (p ¼ .598, nonOA: 3.06  0.60 BW, OA:
2.94  0.16 BW).
No signiﬁcant differences between groups in any kinetic measures were
present at any time point. However, both KAM and KAMI demonstrated
similar trend of loading to pkMC (Figure 2).
Conclusions: An association existed between early medial compart-
ment unloading and the presence of radiographic medial knee OA 5
years later. pkMC demonstrated superior ability to differentiate
between the presence of OA 5 years after ACLR compared to kinetic
measures, although both KAM and KAMI did demonstrate similar pat-
terns of loading to pkMC. The more comprehensive approach under-
taken by the musculoskeletal model to estimate joint loading, including
use of frontal and sagittal plane kinetics along with co-contraction
estimates via EMG input, may provide enhanced insight into the
development of OA as compared to kinetic measures alone.
Patients with OA had lower involved joint contact forces (unloading)
relative to the uninvolved before and 6months after ACLR, with loading
becoming similar between groups 2 years after ACLR. This persistent
(months) unloading followed by reloading as evidenced by 2 year pkMC
data may be a perfect storm for the development of knee OA after ACL
injury and reconstruction, and the time frame between injury and 6
months after ACLR may represent a critical period during which artic-
ular cartilage health is highly sensitive to joint unloading and cartilage
deconditioning.
Figure 2. External knee adduction moment during stance phase of
walking. Bars represent  1 SD.
Figure 2. Articular cartilage surface do not touch below approximately
40% of maximal muscle force, then cartilage strain increases exponentially
between about 40 – 70% of the maximal force, and remains almost con-
stant beyond about 70 – 80% of maximal force (n ¼ 6).
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IN VIVO DEFORMATION OF ARTICULAR CARTILAGE DURING
ELECTRICALLY STIMULATED CONTRACTION
Z. Abusara, M. Kossel, W. Herzog. Univ. of Calgary, Calgary, AB, Canada
Purpose: In vivo movement of bones comprising synovial joints has
been evaluated in various ways and has been calculated theoretically to
understand joint biomechanics. In order to assess joint loading and
bone movements accurately, the deformation behavior of articular
cartilage has been investigated in conﬁned and unconﬁned com-
pression experiments and indentation tests (references), but to date
there exist no data on dynamic in vivo deformation of articular cartilage
in intact joints loaded through controlled muscular contraction. The
objective of this study was to measure articular cartilage deformations
as a function of load in an intact joint of live animals.
Methods: In order to achieve the purpose of this study, we developed a
novel in vivo testing system that allows for controlled loading of mouse
knees through muscular contractions and quantiﬁcation of the asso-
ciated, cartilage and chondrocyte deformations. Mice were ﬁxed in a
custom-built jig onto the stage of a dual photon microscope. Controlled
forces of the knee extensor muscles were produced through direct
muscle stimulation using indwelling ﬁne wire electrodes and a Grass
(S8800) stimulator. Themedial meniscus was excised to provide a direct
view of the medial tibio-femoral joint (Figure 1). Imaging of articular
cartilage deformation across the entire medial compartment of the
knees was performed using a Zeiss 400.95 NA water-immersion
objective coupled with a Coherent Chameleon IR laser tuned at 780 nm
for two-photon excitation.
Results: Increases in muscular loading of the knee caused an increase in
articular cartilage deformation (Figure 2). Fifty and 80% of the maximal
muscular forces produced average peak articular cartilage strains for an
8s contraction of 10 1% to 19 2% respectively (Figure 2). The average
overall cartilage thickness was 32  2 mm on the femoral condyles. For
slow increasing forces (Figure 3a), the tibio-femoral joint space initially
narrowed and reached zero (i.e., the two cartilage surfaces started to
touch) when muscle forces reached approximately 40% of maximal
isometric values (Figure 3b). Following cartilage contact, cartilage
thickness decreased in an approximately exponential manner andFigure 1. (a) Mouse knee joint showing the medial tibia (T) and femur(F)
with the meniscus removed. (b) Tibio-femorol joint space decreased to
zero during muscular loading. Arrows shows cartilage deformation area.reached the deformation peak approximately 5s after initial force
application (Figure 3c). Cartilage tissue recovered to its original shape
within approximately 30s following force removal (Figure 3c).
Discussions And Conclusions: The results of this study suggest that
tibio-femoral contact between the articulating surfaces is only achieved
with relatively high muscular forces (about 40% of maximal). This may
be an artifact of the current setup where the medial meniscus was
removed, and physical contact between the two articulating surfaces
may occur earlier (i.e., at lower forces) if the meniscus had been leftFigure 3. (a) Normalized (relative to maximum ¼ 100%) knee extensor
forces as a function of time. Muscles were stimulated for 8 seconds at a
voltage and frequency producing approximately 60% and 35% of the
maximal isometric force. (b) Medial tibio-femorol joint space as a func-
tion of time. Joint space decreased as muscular force increased and
reached zero when force reached approximately 40% of maximum. (c) In
vivo femoral cartilage thickness changes during loading with 60% of
muscular force. No sign of cartilage deformation was noticed at 35%
maximal force.
